Cyclization of the synthesized epoxide precursors of indole mono-, sesqui-and diterpene alkaloids was performed to elucidate the mechanism for biomimetic cationic cyclization to polycyclic structures. 3-(6,7-Epoxygeranyl)indole (11), 3-(10,11-epoxyfarnesyl)indole (2) and 3-(14,15-epoxygeranylgeranyl)indole (3) were respectively synthesized from geraniol, farnesol and geranylgeraniol in 6 or 7 steps. Four Lewis acids (MeAlCl 2 , BF 3 . OEt 2 , TiCl 4 and SnCl 4 ) were applied for biomimetic cyclization of the synthesized epoxide precursors. The cyclization products (one product from 11, four products from 2, and three products from 3) were isolated after separation by chromatography. Their structures were determined by using NMR (COSY, HSQC, HMBC, NOESY, etc.) and HRMS analyses. The results show that biomimetic cyclization gave new polycyclic compounds similar to natural indole terpene alkaloids. We conclude that the stability of cation intermediates should determine the preference for product formation by biomimetic cyclization when using a Lewis acid.
Indole alkaloids have extraordinarily diverse structures which are produced by the inherent cyclases of various creatures. Many indole alkaloids have complicated frameworks and various bioactivities; [1] [2] [3] [4] for example, lolitrem B is the major lolitrem neurotoxin isolated from perennial ryegrass (Lolium perenne L.) infected with the endophytic fungus, Neotyphodium lolii.
5) Paxilline 6) and paspaline 7) are known as tremorgenic mycotoxins; while emindoles DB and DA 8) are known as the indole diterpene alkaloids produced by the Emericella genus (Fig. 1) .
Some indole diterpene alkaloids have been studied at the genetic level to analyze the respective functions of biosynthetic genes; [9] [10] [11] [12] for example, PaxC (prenyl transferase) is encoded by the paxC gene, and has been presumed to function as a cyclase in the biosynthesis of paxilline and paspaline. 12) If recombinant proteins of the cyclases are obtained, they might be applied to the synthesis of cyclic compounds from various acyclic precursors. A combination of the organic synthesis of biosynthetic precursors and subsequent enzymatic cyclization would be a useful method to provide novel compounds which could be expected to have interesting bioactivities. Furthermore, the study of biomimetic cyclization is important to elucidate the basic cyclization mechanism for these classes of compounds.
There are some reports of the indole terpene alkaloids (polyveoline, 13) polyalthenol, 14) petromindole, 15) and emindole SA 16, 17) as shown in Fig. 2 ) which have been assumed to be derived from 2-(10,11-epoxyfarnesyl)indole (1), 3-(10,11-epoxyfarnesyl)indole (2), 3-(10,11-epoxygeranylgeranyl)indole (5) and 3-(14,15-epoxygeranylgeranyl)indole (3) as respective biosynthetic intermediates; for example, polyveoline, which exhibits antiparasitic activity, has the 6.6.5-tricyclic framework cyclized from 1. Petromindole and emindole SA are indole alkaloids possessing the 6.6.6.6-tetracyclic and 6.6-bicyclic framework respectively cyclized from 3 and 5. A consideration of these reasonable examples leads to the notion that many other polycyclic indole terpene alkaloids would be biosynthesized from such indole epoxypolyenes as 1, 2, 3, 5 and similar intermediates.
Diverse families of indole terpene alkaloids are thought to be biosynthesized via the following four steps:
18) (i) recognition of the epoxypolyene and control of its conformation, (ii) generation of the carbocation via epoxide-opening, (iii) C-C bond formation and stabilization of resulting carbocation intermediates, and (iv) quenching of the final carbocation. In the case of enzymatic cyclization, C-C bond formation produces not only an energetically stable carbocation, but also a labile carbocation. Furthermore, the hydride shifts and/or alkyl group rearrangements often occur to give other carbocations, the final carbocation being quenched to give the product. Petromindole is biosynthesized via the diastereoselective cyclization of enantiopure (S)-3 through epoxide opening. Specific protonation of the epoxide is the most important step, especially in the cyclization of a precursor containing a long terpene chain such as that in the biosynthesis of indole diterpene alkaloids, because an epoxide and three double bonds exist together in the precursor. Protonation of an epoxide easily occurs by the action of a Lewis acid to biomimetically generate a carbocation by epoxide opening. The resulted carbocation is attacked by the intramolecular double bond with subsequent hydride shifts and/or alkyl group rearrangements to provide a complex polycyclic skeleton. The biomimetic cyclization mediated by Lewis acids has therefore been studied for a long time and exploited in the total synthesis of natural products; [19] [20] [21] for example, biomimetic cyclization with a Lewis acid has been applied for the total synthesis of emindole SA and petromindole. 17, 22) These reports indicate that the indole nitrogen was protected as a sulfonamide and Nsilyl derivative. Since the total syntheses of some natural products has been achieved by biomimetic cyclization using nitrogen-protected precursors, we expected that a natural product could be synthesized by biomimetic cyclization using nitrogen-unprotected precursors. Although indole sesqui-and diterpene alkaloids are popularly known, there have so far been no reports on indole monoterpene alkaloids. We therefore planned to synthesize a new indole monoterpene alkaloid from 3-(6,7-epoxygeranyl)indole (11) by biomimetic cyclization, using Lewis acids. It can be expected that the study of biomimetic cyclization with Lewis acids systematically using different chain-length intermediates would be useful in elucidating the cyclization mechanism by cyclases. The products from this study might also be expected to be unknown natural products and new polycyclic compounds similar to natural products which would be useful for studying biological activity. We describe here the biomimetic cyclization of indole terpene precursors 2, 3, and 11 by Lewis acids, structural determination of the cyclized products, and elucidation of the cyclization mechanism.
Results and Discussion
The necessary precursors (11, 2 and 3) for biomimetic cyclization were synthesized as shown in Scheme 1. Geraniol was protected with TBDPSCl to give 7 in a 98% yield. Selective epoxidation of 7 with mCPBA at 0 C gave 8 in a 74% yield. This obtained 8 was deprotected with TBAF to give 9 in a 95% yield. Mesylation of 9 with MsCl and subsequent bromination with LiBr gave 10 23) in a one-pot step. This obtained 10 was coupled with indole to give 11 23) in a 53% yield in 3 steps. 23) Farnesol was converted to 2 24) in 6 steps in the same manner as that used for the synthesis of 11 from geraniol.
Geranylgeraniol was protected with TBDPSCl to give 12 in an 89% yield. Obtained 12 was treated with NBS to give bromohydrin 13 in a 35% yield. 25 24, 26) was used in the biomimetic cyclization of 1, because it is known as a popular Lewis acid to activate an epoxide, while MeAlCl 2 was used for the total synthesis of emindole SA. 17) SnCl 4 27) and TiCl 4 28) are general Lewis acids used in the synthesis of cyclic compounds for ringopening cyclization of epoxypolyene and polyene cyclization. In the case of biomimetic cyclization using the same precursor, there was not much difference in the total yield of the reaction with each of these Lewis acids (40-73% from 11, 29-36% from 2, and 21-24% from 3). The total yield decreased with extending terpene chain length, and the number of products increased to give different cyclic structures. The structures of the isolated cyclic products were determined with one-and two-dimensional NMR measurements, these structures and NMR data being shown in Fig. 3 (Fig. 3) . HMBC correlation peaks were used to connect the COSY fragments and quaternary carbons ( Table 1 ). The aryl portion of the indole moiety was diaxial relationship for H-2 and H-6, while NOESY correlation peaks between C-9 and the C-10 methyl group indicated the 1,3-diaxial relationship for C-9 and the C-10 methyl group. The relative configuration was determined in this way by analyzing the NOESY correlation peaks (Fig. 3) .
The molecular formula of 16 was established to be C 23 H 31 NO by HRMS (calcd. for C 23 H 31 NO (M þ ), m=z 337.2406; found, 337.2407) coupled with 1 H-and 13 C-NMR spectral data ( Table 2) . Four COSY fragments,
) and F16-4 (H-8, 9, 10), were established by analyzing the COSY correlation peaks (Fig. 3) . HMBC correlation peaks were used to connect the COSY fragments and the quaternary carbons ( Table 2 ). The aryl portion of the indole moiety was established from F16-1, and the correlation of H-5 0 /C-4 0 and C-9 0 , H-6 0 /C-4 0 , and H-8 0 / C-9 0 . The remainder of the indole moiety fragment was assigned on the basis of HMBC correlation peaks from the methyne proton at H-2 0 to C-3 0 , C-4 0 and C-9 0 . HMBC correlation peaks from the H-1 methylene proton to C-2 0 , C-3 0 , C-2 and C-3 led to the connection of the indole moiety and F16-2, while HMBC correlation peaks from the H-15 methyl proton to C-2, C-3 and C-4 led to the connection of F16-2 and F16-3. HMBC correlation peaks from the H-14 methyl group to C-6, C-7 and C-8 led to the connection of F16-3 and F16-4, and HMBC correlation peaks from a geminal dimethyl group (H-12 and H-13) to C-6, C-10 and C-11 led to the connection of F16-3 and F16-4. It was confirmed that the C-7 quaternary carbon ( C 86.7) and C-10 methine carbon ( C 86.1) were bound to oxygen by the 13 C-NMR spectral data, a bridged framework of C-7 and C-10 therefore being suggested. A NOESY correlation peak between H-6 and H-8 indicated a 1,3-diaxial-like relationship for H-6 and H-8, while a NOESY correlation peak between H-6 and H-14 indicated the synrelationship for H-6 and the C-14 methyl group. The relative configuration was therefore determined in this way by analyzing the NOESY correlation peaks (Fig. 3) .
The molecular formula of 17 was established to be C 23 H 31 NO by HRMS (calcd. for C 23 H 31 NO (M þ ), m=z 337.2406; found, 337.2407) coupled with the 1 H-and (Fig. 3) . HMBC correlations were used to connect these COSY fragments and the quaternary carbons (Table 2 ). Since the correlation peaks for the substructure (indole and F17-2) of 17 were consistent with the substructure (indole and F16-2) of 16, the substructure (indole and F17-2) of 17 was determined in the same manner as that used for the structural determination of 16. HMBC correlation peaks from the H-15 methyl proton to C-2, C-3, and C-4 led to the connection of F17-2 and F17-3, and HMBC correlation peaks from the H-9 methylene proton to C-10 and C-11 led to the connection of F17-4 and F17-5. HMBC correlation peaks from the H-13 methyl proton to C-5, C-6, C-7 and C-11 led to the connection of F17-3, F17-4, and F17-5. The NOESY correlation peak between H-7 and H-11 indicated the 1,3-diaxial relationship of H-7 and H-11. The NOESY correlation peak between H-13 and H-14 indicated the axial-equatorial relationship of the C-13 and C14 methyl groups, while the NOESY correlation peak between H-12 and H-13 indicated the equatorialaxial relationship of the C-12 and C-13 methyl groups. The relative configuration was determined in this way by analyzing the NOESY correlation peaks (Fig. 3) .
The molecular formula of 18 was established to be C 23 ) and F18-4 (H-8, 9, 10), were established by analyzing the COSY correlation peaks (Fig. 3) . The HMBC correlation peaks were used to connect the COSY fragments and the quaternary carbons ( Table 2 ). The indole moiety was established from F18-1 and the correlation of H-5 0 /C-3 0 , C-4 0 and C-9 0 , and H-8 0 /C-9 0 . The HMBC correlation peaks from the H-1 methylene proton to the indole moiety (C-2 0 and C-3 0 ), C-3 and C-7 led to the connection of the indole moiety and F18-2. The HMBC correlation peaks from the H-15 methyl proton to C-2 0 , C-2, C-3 and C-4 led to the connection of F18-3, the indole moiety and F18-2. The HMBC correlation peaks from the H-14 methyl proton to C-2, C-6, C-7 and C-8 led to the connection of F18-2, F18-3 and F18-4. The HMBC correlation peaks from the geminal dimethyl protons (H-12 and H-13) to C-6, C-10 and C-11 led to the connection of F18-3 and F18-4. The NOESY correlation peaks between H-6 and H-10 indicated the 1,3-diaxial relationship for H-6 and H-10, while the NOESY correlation peaks between the H-2 and C-15 methyl groups indicated the syn-relationship for the H-2 and C-15 methyl groups. The NOESY correlation peaks between the H-2 and C-14 methyl groups indicated the syn-relationship for the H-2 and C-14 methyl groups, and the NOESY correlation peaks between the C-14 and C-15 methyl groups indicated the 1,3-diaxial relationship for the C-14 and C-15 methyl groups. The relative configuration was determined in this way by analyzing the NOESY correlation peaks (Fig. 3) .
The (Fig. 3) . The HMBC correlation peaks were used to connect the COSY fragments and the quaternary carbons ( Table 2 ). The indole moiety was established from F19-1 and the correlation of H-5 0 /C-3 0 , C-4 0 and C-9 0 , and H-8 0 /C-9 0 and C-4 0 . The HMBC correlation peaks from the H-1 methylene proton to the indole moiety (C-2 0 and C-3 0 ), C-2 and C-3 led to the connection of the indole moiety and F19-2. The HMBC correlation peaks from the H-15 methyl proton to C-2 0 , C-2, C-3 and C-4 led to the connection of F19-3, the indole moiety and F19-2. The HMBC correlation peaks from the H-14 methyl proton to C-2, C-6, C-7 and C-8 led to the connection of F19-2, F19-3 and F19-4. The HMBC correlation peaks from the geminal dimethyl protons (H-12 and H-13) to C-6, C-10 and C-11 led to the connection of F19-3 and F19-4. The NOESY correlation peaks between H-2 and H-6 indicated the 1,3-diaxial relationship for H-2 and H-6, and the NOESY correlation peaks between H-6 and H-10 indicated the 1,3-diaxial relationship for H-6 and H-10. The NOESY correlation peaks between the C-14 and C-15 methyl groups indicated the 1,3-diaxial relationship for the C-14 and C-15 methyl groups. The relative configuration was determined in this way by analyzing the NOESY correlation peaks (Fig. 3) .
The molecular formula of 20 was established to be C 28 H 39 NO by HRMS (calcd. for C 28 H 39 NO (M þ ), m=z 405.3032; found, 405.3050) coupled with the 1 H-and 13 C-NMR spectral data (Table 3) . Five COSY fragments, F20-1 (H-5 0 , 6 0 , 7 0 , 8 0 ), F20-2 (H-1, 2), F20-3 (H-4, 5, 6), F20-4 (H-8, 9, 10) and F20-5 (H-12, 13, 14), were established by analyzing the COSY and HSQC-TOCSY correlation peaks (Fig. 3) . The HMBC correlation peaks were used to connect the COSY and HSQC-TOCSY fragments and the quaternary carbons ( Table 3 ). The indole moiety was established from F20-1, and the correlation of H-5 0 /C-3 0 , C-4 0 and C-9 0 , H-8 0 /C-9 0 and C-4 0 . The HMBC correlation peaks from the H-1 methylene proton to the indole moiety (C-2 0 and C-3 0 ) and C-3 led to the connection for the indole moiety and F20-2. The HMBC correlation peaks from the H-20 methyl proton to C-2 0 , C-2, C-3 and C-4 led to the connection for F20-3, the indole moiety and F20-2. The HMBC correlation peaks from the H-19 methyl proton to C-2, C-6, C-7 and C-8 led to the connection for F20-2, F20-3 and F20-4. The HMBC correlation peaks from the H-18 methyl proton to C-6, C-10, C-11 and C-12 led to the connection for F20-3, F20-4 and F20-5, and the HMBC correlation peaks from a geminal dimethyl proton (H-16 and H-17) to C-10, C-14 and C-15 led to the connection for F20-4 and F20-5. The NOESY correlation peaks between H-2 and H-6 indicated the 1,3-diaxial relationship for H-2 and H-6, while the NOESY correlation peaks between H-6 and H-10 indicated the 1,3-diaxial relationship for H-6 and H-10. The NOESY correlation peaks between H-10 and H-14 indicated the 1,3-diaxial relationship for H-10 and H-14, and the NOESY correlation peaks between the C-18 and C-19 methyl groups indicated the 1,3-diaxial relationship for the C-18 and C-19 methyl groups. The NOESY correlation between the C-19 and C-20 methyl groups was ambiguous due the proximity of their proton signals. No NOESY correlation between the H-2 and C-20 methyl groups was apparent, nor between the H-2 and C-19 methyl groups. The relative configuration was determined in this way by analyzing the NOESY correlation peaks (Fig. 3) .
The same bicyclic structure for 21 as that for 16 was confirmed by analyzing the 1 H-and 13 C-NMR spectral data. Furthermore, the same cyclohexanone structure for 22 as that for 17 was also confirmed by analyzing the 1 H-and 13 C-NMR spectral data. Compound 15 would be synthesized from 11 by a cyclization mechanism of the 6.5-bicyclic type in 4 steps: i) epoxide-opening with a Lewis acid, ii) formation of tert-cation 23 by nucleophilic attack of C-2, iii) formation of a cation on the indole ring (C-3 0 ) by nucleophilic attack of the indole ring (C-2 0 ), iv) quenching of the carbocation to reproduce the indole ring. Since H-2/H-6 and the C-9 methyl/C-10 methyl were determined to have 1,3-diaxial relationships, the formation of the cyclohexane ring of 15 was presumed to proceed via a stable chair conformation. Biomimetic cyclization of 11 gave only 15, but biomimetic cyclization of 2 and 3 gave several cyclic compounds. It is suggested that biomimetic cyclization of 11 proceeded instantaneously due to the proximity between cation 23 and the indole ring. It is suggested that biomimetic cyclization of 2 and 3 would be difficult to proceed, because of the long distance between the tert-cation and the double bond in a flexible conformation based on a longer terpene chain.
The cyclization mechanism for compounds 18 and 19 synthesized from 2 is shown in Fig. 4 . These compounds were stereoisomers at C-2. This result suggests that the 6.6-bicyclic framework of 18 and 19 was respectively cyclized through a boat-like and chair-like conformation in the formation at the second ring. The 6.6.5-tricyclic framework of 18 was formed from cation 27 via a boatlike conformation (24) to give the stereogenic center of 25, this being followed by quenching of the carbocation to reproduce an indole ring (26) and changing to a stable conformation. The 6.6.5-tricyclic framework of 19 was formed from cation 27 via a chair-like conformation and quenching of the carbocation to reproduce an indole ring (28) . The yield of 19 was higher than that of 18, suggesting that cyclization through the chair-like conformation proceeded more easily than that through a boat-like conformation. The kind of Lewis acid did not affect the total yields of 18 and 19. Compound 5 had a longer terminal isoprene unit than 2 which was used as a model compound for the synthesis of emindole SA 17) by biomimetic cyclization. Compound 2 is considered to be a biosynthetic precursor of polyalthenol; however, the polyalthenol-type framework and decalin of the emindole-type framework were not synthesized from 2 by biomimetic cyclization. Compound 20 would be synthesized from 3 by a cyclization mechanism of the 6.6.6.5-tetracyclic type in 6 steps: i) epoxide-opening with a Lewis acid, ii) formation of a tert-cation at C-11 by nucleophilic attack of C-10, iii) formation of a tert-cation at C-7 by nucleophilic attack of C-6, iv) formation of a tert-cation at C-3 by nucleophilic attack of C-2, v) formation of a cation on the indole ring (C-3 0 ) by nucleophilic attack of the indole ring (C-2 0 ), vi) quenching of the carbocation to reproduce the indole ring. The cyclization of 20 proceeded via a chair conformation, because H-2/H-6, H-6/H-10, H-10/H-14, C-18/C-19 and C-19/C-20 each had a 1,3-diaxial relationship.
The cyclization mechanism for compounds 16 and 17 synthesized from 2 is shown in Fig. 5 . The bridged framework of 16 was formed from 2 via 29 which was in equilibrium with 27. The framework of 17 was formed from cation 27 via the formation of cation 30 by a hydride shift and methyl rearrangement, quenching of the carbocation and subsequent ring-flip of carbonyl compound 31. It is suggested that biomimetic cyclization easily proceeded not only with cyclization but also with the hydride shift and methyl rearrangement. In the case of biomimetic cyclization, the reaction of the linear side chain of terpene may be difficult, because the olefin in the linear side chain was conformationally away from the cation.
We were interested in the synthesis of natural products by biomimetic cyclization when using a nitrogen-unprotected precursor, because some total syntheses of natural products have been reported by biomimetic cyclization when using a nitrogen-protected precursor. The synthesis in a low yield of petromindole from a nitrogen-protected precursor by biomimetic cyclization when using a Lewis acid has been reported. 22) However, petromindole has not been synthesized from a nitrogenunprotected precursor. Emindole SA has similarly been synthesized from a nitrogen-protected precursor by biomimetic cyclization when using Lewis acid, 17) but no emindole analogs have been synthesized from a nitrogen-unprotected precursor by biomimetic cyclization with a Lewis acid. These results suggest that biomimetic cyclization is controlled by the protection of nitrogen: the cyclization mechanism may be controlled to some extent by protecting nitrogen with an electronwithdrawing group such as a sulfonyl.
In conclusion, no natural product was obtained by biomimetic cyclization of a nitrogen-unprotected precursor. However, the many cyclic compounds obtained were new. The results of biomimetic cyclization suggest that the reaction proceeds through a relatively stretched conformation, whereas the enzymatic reaction proceeds through a folded conformation at the reaction site of the cyclase. It would therefore be difficult to synthesize the major or sole product by biomimetic cyclization. Our results suggest that protection of the indole-nitrogen was important in synthesizing the emindole and petromindole framework. Biomimetic cyclization may possibly be controlled to some extent by protecting nitrogen with electron-withdrawing groups. The number of products possessing unknown frameworks would be increased with increasing terpene chain length. Furthermore, all Lewis acids gave the same cyclic compounds. A Lewis acid was enough to initiate the reaction, but insufficient to carry out polycyclization. However, biomimetic cyclization may possibly be used for synthesizing new polycyclic compounds similar to natural indole terpene alkaloids. It is hoped that a useful bioactive compound could be found from these.
Experimental
Instrumentation. IR spectra were measured with a Jasco FT/IR-4100 spectrometer.
1 H-NMR spectra were recorded at 400 MHz by a Bruker AVANCE III 400 spectrometer, the peak for TMS (at 0.00) being used as the internal standard.
13 C-NMR spectra were recorded at 100 MHz by the Bruker AVANCE III 400 spectrometer, the peaks for CDCl 3 (at 77.0) and C 6 D 6 (at 128.0) being used as the internal standards. Mass spectra were obtained with a Jeol JMS-BU25 (GCmate II) mass spectrometer in the electron ionization mode at an ionization energy of 70 eV. Column chromatography was carried out on 60 N silica gel (Kanto Chemicals), and PTLC was performed on PLC 60 F 254 silica gel (Merck, 20 Â 20 cm plate, 0.5 mm thickness, 1.05744.0009 or 1.0 mm thickness, 1.13895.0009).
(E)-tert-Butyldiphenylsiloxy-3,7-dimethylocta-2,6-diene (7). Imidazole (956 mg, 14.0 mmol) and TBDPSCl (2.31 g, 8.40 mmol) were added to a cooled solution of geraniol (1.08 g, 7.00 mmol) in dry DMF (14 mL) at 0 C. The reaction mixture was stirred overnight at room temperature. After adding aq. NH 4 Cl and EtOAc, the reaction mixture was extracted with EtOAc (50 mL). The combined organic extract was washed with saturated brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo. The crude residue was purified by silica gel chromatography (hexane/EtOAc 10:1) to give silyl ether 7 (2.69 g, (E)-tert-Butyldiphenylsiloxy-3,7-dimethyl-6,7-epoxyoct-2-ene (8) . NaHCO 3 (820 mg, 9.76 mmol) and mCPBA (77% purity, 1.48 g, 6.59 mmol) were added to a cooled solution of silyl ether 7 (1.96 g, 5.00 mmol) in dry CH 2 Cl 2 (51 mL) at 0 C. The reaction mixture was stirred overnight at room temperature. After adding aq. NaHCO 3 , the reaction mixture was extracted with EtOAc (50 mL). The combined organic extract was washed with saturated brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo. The crude residue was purified by silica gel chromatography (hexane/ (E)-3,7-Dimethyl-6,7-epoxyoct-2-en-1-ol (9) . A THF solution of TBAF (1.0 M, 5.60 mL, 5.60 mmol) was added to a cooled solution of 8 (1.53 g, 3.70 mmol) in THF (16 mL) at 0 C. The reaction mixture was stirred at room temperature for 3 h. After adding aq. NH 4 Cl and EtOAc, the reaction mixture was extracted with EtOAc (30 mL). The combined organic extract was washed with saturated brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel chromatography (hexane/EtOAc 1:2.5) to give 9 (597 mg, 95%) as a colorless oil. IR max (film) (E)-Bromo-3,7-dimethyl-6,7-epoxyoct-2-ene (10). Et 3 N (0.98 mL, 7.00 mmol) and MsCl (0.35 mL, 4.55 mmol) were added to a cooled solution of 9 (597 mg, 3.50 mmol) in dry THF (10 mL) in a nitrogen atmosphere at À30 C. The reaction mixture was stirred at À30 C for 1 h. To the resulting mesylate solution was added LiBr (1.21 g, 13.9 mmol) in dry THF (10 mL) at À30 C. The reaction mixture was stirred at 0 C for 30 min. After adding aq. NH 4 Cl and EtOAc, the reaction mixture was extracted with EtOAc (40 mL). The combined organic extract was washed with saturated brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo to afford crude product 10 (820 mg) as a colorless oil. IR max (film) 3-(6,7-Epoxygeranyl)indole (11) . DIEA (1.35 mL, 7.75 mmol) was added to a solution of indole (826 mg, 7.05 mmol), Zn(OTf) 2 (1.54 g, 4.23 mmol) and TBAI (1.34 g, 3.62 mmol) in dry toluene (21 mL) at room temperature in a nitrogen atmosphere. The reaction mixture was stirred at room temperature for 15 min. To the reaction mixture was added crude product 10 (820 mg) in dry toluene (14 mL) at room temperature. The reaction mixture was stirred overnight at room temperature. After adding aq. NH 4 Cl, the reaction mixture was extracted with EtOAc (35 mL). The combined organic extract was washed with saturated brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo. The residue was purified by silica gel chromatography (hexane/ Biomimetic cyclization of indole terpene precursors 11, 2 and 3 by a Lewis acid. A Lewis acid (0.12 mmol) was added to the solution of an indole terpene precursor (0.1 mmol) in dry CH 2 Cl 2 (1 mL) at À78 C in a nitrogen atmosphere. The reaction mixture was stirred at À78 C for 1 min. After adding aq. NaHCO 3 , the reaction mixture was extracted with EtOAc (3 Â 3 mL). The combined organic extract was washed with saturated brine, dried over anhydrous Na 2 SO 4 , and concentrated in vacuo.
The residue obtained by biomimetic cyclization of 11 was purified by PTLC (hexane/EtOAc 3:1) to give 15 as a colorless oil. 
